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Plasmonics and metamaterials have recently been shown to allow the control and interaction
with non-classical states of light, a rather counterintuitive finding given the high losses typically
encountered in these systems. Here, we demonstrate a range of functionalities that are allowed
with correlated and entangled photons that are used to illuminate multiple, overlaid patterns on
plasmonic metasurfaces. Correlated photons allow to nonlocally determine the pattern that is
imaged or, alternatively to un-scramble an image that is otherwise blurred. Entangled photons
allow a more important functionality whereby the images imprinted on the metasurface are
individually visible only when illuminated with one of the entangled photons. Correlated single
photon imaging of functional metasurfaces could therefore promise advances towards the use of
nanostructured subwavelength thin devices in quantum information protocols.
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Metamaterials and in particular metasurfaces have re-
cently started to emerge as a platform that is viable for
quantum processing at the single photon level. The first
pioneering works demonstrated that quantum entangle-
ment could be preserved in transmission through a meta-
surface [1], followed by evidence that photon indistin-
guishability could be preserved in passing from photons
to plasmons, thus allowing to perform simple quantum
processing steps such as Hong-Ou-Mandel bunching ex-
periments directly on plasmonic chip [2]. Recent exper-
iments have also highlighted how the losses associated
with metasurfaces may be harnessed as a resource [3, 4]
to thus control the transmitted photon statistics [5–7].
Recent advances in metasurface optical design have pro-
vided ultra-thin devices that are capable of controlling
and shaping the optical properties of a light beam, for
example polarisation, orbital angular momentum (OAM)
and focusing. More complex devices are also possible
whereby the output depends on the input properties, for
example the output OAM or an output holographic im-
age can be controlled by varying the input polarisation
[8–10].
In the following, we will rely on measurements of nonlocal
correlation properties of photons interacting with meta-
surfaces. Correlation detection with photon pair sources
is an essential technique in experimental quantum op-
tics as it allows one to identify photons of interest to a
particular experiment via their detection statistics. This
has enabled experimental results that serve as the foun-
dation for quantum optics, for example the observation
of the nonlocality of polarisation entangled photons [11–
16], the Hong-Ou-Mandel two photon interference effect
[17–19], nonlocal two-photon interference [20, 21], disper-
sion cancellation [22, 23], and the delayed choice quan-
tum eraser [24–26]. Further to that, technological de-
velopments based on correlation detection have provided
more advanced imaging frameworks for studying the phe-
nomenon of ghost imaging [27–30] and polarisation, po-
sition and momentum characteristics of single photons
[31–33].
In this work, we employ correlated and entangled pho-
ton pairs to demonstrate imaging capabilities whereby
images become visible only as a result of the correlation
or entanglement properties of the light used to illumi-
nate the metasurface. To this end, we design metasur-
faces that respond differently (provide different output
images) depending on the input polarisation. In a first
set of measurements we use a mixed (i.e. not entangled)
photon state to demonstrate nonlocal control of the pro-
jected images in the single photon regime by controlling
the properties of a distant, correlated photon. This may
be used to either nonlocally select an image or alterna-
tively to nonlocally scramble (or unscramble) an image.
In a second set of experiments we use a source of pure-
state, entangled photons and demonstrate how the meta-
surface can be used to produce images that are separately
visible only in the presence of entanglement. Degrading
the photon-pair entanglement subsequently degrades the
image.
Experiment: The experimental setup is shown in
Fig. 1. We generated pairs of photons with orthogonal
polarisations at a wavelength of 808 nm by Spontaneous
Parametric Down-Conversion (SPDC) in a type-II PP-
KTP nonlinear crystal that was pumped by a continuous-
wave 100 mW laser at 404 nm wavelength. For the cor-
related (mixed state) photon measurements, the photon
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2FIG. 1. Polarisation heralded imaging with metasurfaces. Polarisation correlated photon pairs are generated by Spontaneous
Parametric Down Conversion (laser at 404 nm pumping a PPKTP nonlinear crystal). To generate a mixed state, photons
reflected at the beamsplitter (BS), form the ‘heralding’ photons that are detected after polariser (pol.) that allows to select
H or V heralding. The transmitted photon of the pair, the signal, is transmitted through the polarisation-sensitive plasmonic
metasurface (MS) and detected on an iCCD camera. Before the metasurface, we insert an fibre optical delay line so that the
photon arrives on the iCCD when the the camera electronic shutter is activated by the herald photon trigger. To generate
an entangled state a more complex source is used based on a Sagnac interferometer with counterpropagating pump beams
(controlled by quarter and half-wave plates). Two waveplates (λ1 and λ2) rotate the polarisations of the pump and SPDC
photons respectively for one direction around the Sagnac loop. At the polarising beamsplitter (PBS), the entangled photons
are directed, as before, to the herald and signal arm. A half-wave plate placed in front of the metasurface is used to rotate the
photon polarisation state by 45 deg. that is equivalent to rotating the metasurface by 45 deg.
pairs were split with 50% efficiency by a (non-polarising)
50:50 beamsplitter (BS). One of the pair, which we label
“herald”, was detected with a Single Photon Avalanche
Diode (SPAD), the output of which was connected to
the external trigger of an intensified-CCD camera (iCCD,
ANDOR iStar) and thus heralds the arrival of a photon
at the camera sensor. The second photon of the pair,
which we label “signal”, was optically delayed by 40 m
of optical fiber (in order to compensate for the electronic
delay acquired by the iCCD camera between the trigger
arrival and the actual acquisition on the iCCD sensor)
before being focused onto the metasurface sample and
imaged onto the iCCD sensor by a pair of ×10 objective
lenses (not shown for simplicity in Fig. 1).
For the entangled measurements, the source of entan-
gled photons is a counter-propagating Sagnac interfer-
ometer enclosing the PPKTP crystal [34, 35]. The in-
put frequency-doubled 404 nm pump laser beam polari-
sation is fully controlled by λ/4 and λ/2 waveplates and
is split into counterpropagating beams at the polarisa-
tion beam-splitter (PBS). Two wavelength waveplates ro-
tate the polarisation of the pump, without affecting the
SPDC photon polarisation (indicated as λ1) and of the
SPDC photons, without affecting the pump polarisation
(indicated as λ2). The Sagnac interferometer thus pro-
duces an entangled output state from the PBS of the
form |HhVs〉+ |VhHs〉.
Mixed-state imaging of metasurface holograms.
The SPDC source creates both horizontally and verti-
cally polarised herald and signal photons with a mixed
state after the beamsplitter, with a density matrix oper-
ator:
ρˆ =
1
2
(
|HhVs〉 〈HhVs|+ |VhHs〉 〈VhHs|
)
(1)
where indices h and s denote the herald and signal pho-
tons, respectively and |H〉〈H| and |V 〉〈V | denote the
horizontal and vertical polarisation states, respectively.
We note that we have neglected two other terms in the
mixed state, |HhVh〉 〈HhVh| and |HsVs〉 〈HsVs| which do
not contribute to the sub-ensemble of coincidence counts.
In our experiments, we place a metasurface array in the
optical path of the signal photons, with an operator de-
scribed as
Mˆ = ϑV (x, y)χˆs(0) + ϑH(x, y)χˆs(90
◦) (2)
where χˆs(ξ) is the polarisation projection operator (see
SM) for the signal photons, |ξs〉〈ξs|, along the polarisa-
tion angle ξ, and where ϑV (x, y) and ϑH(x, y) are the
spatially (x, y) and polarisation-dependent transmission
amplitude coefficients of the metasurface. These ampli-
tudes can be nonlocally controlled by the measurement
process on the ‘herald’ arm of the experiment. The ex-
pectation value of the final measurement (i.e. the im-
age that is observed on the iCCD camera) is given by
3FIG. 2. Heralded photon-control of metasurface images. (a)
The SEM image of the nanostructured metasurface is com-
posed of horizontal and vertical slits making up two images: a
star and a triangle. (b) If there is no polariser in the heralded
optical path both shapes will be imaged. (c) By detecting
only horizontally polarised heralded photons, the image of a
star is recorded while, (d) the image changes to a triangle for
the detection of vertically polarised heralded photons.
〈O〉 = Tr(ρˆχˆh(φ)Mˆ(ξ)), where φ is the herald photon
polariser angle (see SM). In the specific case in which we
place an H or V polariser on the ‘herald’ detector, the
herald-arm polarisation operator χˆh, simply projects the
photon state on to 12 |Vs〉〈Vs| or 12 |Hs〉〈Hs|, respectively.
Figure 2(a), shows the detail of the first metasurface used
that produces a star or a triangle, for HS or VS polari-
sation, respectively. This is obtained by superimposing
horizontal and vertical slit antennas [and by shifting the
vertical slit antenna array from the horizontal slit an-
tenna array by half the period (see Methods for further
details)]. The SEM image allows to identify the two dis-
tinct geometrical shapes, a star and a triangle. Here, our
star metasurface is entirely composed of horizontal slit
antennas: selection of H polarisation on the ‘herald’ pho-
ton implies a vertical signal photon, and thus produces a
triangle image 〈ON〉 = 12ϑV (x, y). By similar reasoning,
selection of the V polarisation on the herald photon pro-
duces a star image in the signal arm 〈OF〉 = 12ϑH(x, y)
(where we assumed that the photon amplitude is uniform
across the metasurface). Figures 2(c) and (d) show the
images obtained [compared with the case where no po-
lariser is placed in the heralding optical path, Fig. 2(b)]
confirming that only the star or the triangle is imaged
depending on the selection of the herald photon polari-
sation.
A second type of metasurface follows a more complex
design. Contrary to the previously used metasurface,
this nanostructured array modulates amplitude and also
phase by using slit antennas fabricated in a multitude of
lengths and of angles [36–38].
(a) (b)
(c) (d)
P = | ۧV ۦV| P = | ۧH ۦH|
10 μm
FIG. 3. Hologram scrambling. (a) The SEM image of the
nanostructured surface in is composed of slits of different
lengths as to create different phases. The hologram was de-
signed to generate the image of Albert Einstein’s portrait,
shown in (b). (c) By detecting only in the presence of V
polarised heralded photons, a clear image of the hologram is
recorded, while in (d) the image is scrambled in correspon-
dence to H polarised herald photons.
Our fabricated metasurface, shown in Fig. 3(a), has
been designed to generate the portrait of Albert Einstein
[Fig. 3(b)] for an incident horizontal polarisation. Thus
by selecting V polarised ‘herald’ photons, we produce
a clear hologram image of Albert Einstein’s portrait as
shown in Fig. 3(c). Alternatively, when we image in cor-
respondence to H polarised ‘herald’ photons, the holo-
gram image is scrambled, as shown in Fig. 3(d). The
image is lost in this case due to having the orthogonal
polarisation incident which will behave very differently
for the angled slit antennas, thus affecting both the mod-
ulated amplitude and the modulated phase.
Pure-state imaging of metasurface structures.
Using the experimental layout shown in the lower left
panel of Fig. 1 we generate an entangled state |Ψ〉 =
(|HhVs〉 + |VhHs〉)/
√
2 with a density matrix operator
ρˆ = |Ψ〉〈Ψ|. We now also arrange the the setup so that
the star-triangle metasurface shown in Fig. 2(a) is placed
at 45 deg. with respect to the polarisation axis of the
photons. The metasurface operator can now be written
as
Mˆ =
1
2
ϑD(x, y)χˆs(45
◦) +
1
2
ϑAD(x, y)χˆs(135
◦) (3)
where D and AD subscripts indicate diagonal and anti-
diagonal polarisation terms. Calculation of the expec-
tation value 〈O〉 = Tr(ρˆχˆh(φ)Mˆ(ξ)) reveals that for a
mixed state, we will always see a superposition of both
the polarisation dependent patterns, i.e. a superposition
of a star and a triangle. However, in the presence of a
pure state, imaging only in the presence of a D (or AD)
herald photons will selectively image only the AD (or D)
4(a) (b)
(c) (d)
FIG. 4. Imaging with entangled photons: Images obtained
with entangled states (measured Bell parameter S = 2.5) with
the herald polariser selecting photons at (a) 45 deg and (b)
135 deg. The same images obtained with a mixed state (mea-
sured Bell parameter S = 1.6) at (c) 45 deg and (d) 135 deg.
metasurface pattern, i.e. the star or triangle alone will
become clearly visible without any overlap of the other.
Figures 4(a) and (b) show the experimental measure-
ments obtained for entangled photons, when selecting
D and AD herald photons, respectively. We separately
measured the Bell parameter for the photon state used
in this experiment to be S = 2.5 (i.e. above the thresh-
old S = 2 for entanglement): the triangle and star are
individually very clearly visible, with high contrast and
no visible contribution of the other shape. The Sagnac
interferometer can also be used to produce a mixed po-
larisation state of the form of (1) by rotating the λ2 to 0
deg such that the PPKTP crystal is pumped in both di-
rections around the Sagnac loop but there is no compen-
sation for the SPDC-photon temporal walk-off occurring
within the crystal. By doing so, the experiment can be
repeated with non-entangled photons with a Bell param-
eter that was measured to be S = 1.6. The results are
shown in Figs. 4(c) and (d), that look nearly identical
regardless of the herald photon polarisation and show a
clear superposition of both the star and triangle.
Figure 5 shows the full results for these measurements
(i.e. for varying angles of the selected herald photon po-
larisation from 0 to 360 deg), with a direct comparison
to the theoretical predictions. In particular, we calculate
and measure the visibility of just the ‘triangle’ image,
V = (ON−OF)/(ON+OF). For the case when the meta-
surface is aligned with the H-V axis of the input photons
(ξ = 0◦), Vpure = Vmixed = − cos(2φ). Alternatively, for
FIG. 5. Imaging with entangled photons: Image visibility,
V = (ON − OF)/(ON + OF), for the ‘triangle’ image plot-
ted versus the herald photon polariser angle. Experimental
(a) and theoretical (b) results for the case of the metasurface
aligned along the H-V axis of the input photons. Experimen-
tal (c) and theoretical (d) results for the case of the meta-
surface aligned at 45 deg with respect to the polarisation of
the input photons. In all figures, solid lines refer to an input
mixed state and dashed lines refer to input pure states with
measured Bell parameter S = 2.5.
the more interesting case in which the metasurface angle
ξ = 45◦, we predict
Vmixed = 0 and Vpure = − sin(2φ) (4)
for the mixed and pure states, respectively. As can
be seen in Fig. 5, there is a good agreement between
the experiment and theory, although the visibility is
lower in the experiment due to background noise on
the iCCD sensor. Nevertheless, the main features are
clearly observable. Figures 5(a) and (b) show the case
in which the metasurface is aligned parallel to the H-V
polarisation of the photons: the image observed intensi-
ties are essentially identical for the cases of input mixed
and pure states, i.e. there is no discernible advantage or
difference using entangled states. However, Figs. 5(c)
and (d) show the case in which the metasurface is aligned
at 45 deg to the H-V polarisation of the photons: now
the mixed state shows zero visibility whereas imaging
with entangled photons gives rise to clear oscillations
in the ‘triangle’ visibility. Each peak corresponds to all
photons in the ‘triangle’ image and none in the ‘star’
image and each trough corresponds to the opposite
situation. With these settings, the images are visible
only when using entangled photons.
Conclusions. By making a polarisation measurement
of a heralding photon, two effects are explored by
using two different input states. With input mixed
states, image selection is achieved through metasurfaces
5constructed solely of horizontally and vertically angled
slit antennas. By heralding with either horizontally or
vertically polarised photons, one and only one of the
two metasurface patterns is imaged. In addition, a
scrambling effect is presented by using a metasurface
hologram that modulates both phase and amplitude. In
this instance, the detection of the vertically polarised
‘herald’ photons results in an image of the hologram,
and the detection of the horizontally polarised ‘herald’
photons will generate a noisy, scrambled image.
With input states that are entangled, we show that
under the assumption of only H and V photon illumi-
nation, it is possible to clearly distinguish the individual
images imprinted on the metasurface i.e. individual
images become visible only in the presence of pure,
entangled states. This functionality is the result of
quantum interference occurring on the metasurface, in
line with recent reports of ‘quantum metamaterials’ [39].
The wavelength dependence of metasurfaces may create
further opportunities for encrypting sequences of images
at different wavelengths for single photon communication
channels and the diversity of metasurface designs also
opens up the possibility of spatially multiplexed imaging
systems which, when combined with time-resolved
imaging, can be used for quantum state tomography and
exploration of entangled states with imaging techniques
[40].
All experimental data is available at
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Methods.
Working principle and design procedure of
metasurfaces. We use uniform slit antennas for design-
ing the star-triangle metasurface. The period is 300 nm
by 300 nm, and the slit dimension is 190 nm by 50 nm.
At the TM polarization (electric field is perpendicular
to the long axis of the slit), the incident wave at a
wavelength of 808 nm can efficiently transmit through
the subwavelength slit through plasmonic resonance.
The simulated and experimental transmittance is 60%
and 36% respectively. To multiplex two images which
are only responsive to either H or V polarization, we
fill up the image with the slit antennas with orthogonal
orientation. These two sets of slits are laterally shifted
by a half period in order to reduce their mutual coupling
and thus minimize the crosstalk between the two images.
The design principle of the Einstein metasurface relies
on the Babinet plasmonic metasurface. In order to
generate a clear holographic image at a certain propa-
gation distance, we use nonuniform slit antennas with
varying geometric parameters (length and orientation) to
simultaneously control both the transmission amplitude
(continuous) and phase (8 levels). The first four types
of slits have the same width of 50 nm and different
lengths (170 nm, 200 nm, 240 nm, and 280 nm), and
their long axis is orientated in the second and fourth
quadrants, creating a step phase delay of 0, pi/4, pi/2
and 3pi/4. The second four types of slits have the same
geometric parameters as the first set but their long axis
is orientated in the first and third quadrants in order
to create additional phase delay to cover the phase
of pi, 5pi/4, 3pi/2 and 7pi/4. The amplitude control in
the orthogonal polarization |V 〉 to the incident linear
polarization |H〉 follows a simple sin 2θ rule where θ is
the angle of the slit normal with respect to horizontal
axis.
Fabrication of metasurfaces. The metasurfaces are
fabricated in a 100 nm-thick gold film with focused ion
beam milling (FEI Helios 650, 30 kV, 7.7 pA). The
film is deposited on a silica glass substrate by using
thermal evaporation at a rate of 0.2 Angstroms/second
(Oerlikon 250, Germany) after being properly cleaned
by acetone and isopropanol. The CAD files are created
from desirable pixilated amplitude and phase profiles
using Matlab coding.
∗ + These authors have contributed equally to this work.
Corresponding author: daniele.faccio@glasgow.ac.uk
[1] E. Altewischer, M. P. van Exter, J. P. Woerdman. Nature
418, 304-306 (2002).
[2] R. W. Heeres, L. P. Kouwenhoven, V. Zwiller.
Nat. Nanotech. 8, 719-722 (2013).
[3] T. Roger, S. Vezzoli, E. Bolduc, J. Valente, J.J.F. Heitz,
J. Jeffers, C. Soci, J. Leach, C. Couteau, N. I. Zheludev,
D. Faccio. Nat. Commun. 6, 7031 (2015).
[4] S. Huang, G. S. Agarwal. Opt. Exp. 22, 020936 (2014).
[5] C. Altuzarra, S. Vezzoli, J. Valente, W. Gao, C. Soci, D.
Faccio, C. Couteau. ACS Photonics, 4, 2124 (2017).
[6] T. Roger, S. Restuccia, A. Lyons, D. Giovannini, J.
Romero, J. Jeffers, M. Padgett, D. Faccio. Phys. Rev.
Lett. 2016, 117, 023601.
[7] B. Vest, M-C. Dheur, E., Devaux, A. Baron, E. Rousseau,
J-P. Hugonin, J-J. Greffet, G. Messin, F. Marquier. Sci-
ence 356, 1373 (2017).
[8] W. T. Chen, K.-Y. Yang, C.-M. Wang, Y.-W. Huang,
G. Sun, I.-D. Chiang, C. Y. Liao, W.-L. Hsu, H. T. Lin,
S. Sun, L. Zhou, A. Q. Liu, D. P. Tsai. Nano Lett. 14,
225-230 (2014).
6[9] D. Wei, F. Yue, G. Li, G. Zheng, K. Chan, S. Chen, M.
Chen, K. F. Li, P. W. H. Wong, K. W. Cheah, E. Y. B.
Pun, S. Zhang, X. Chen. Nat. Commun. 6, 8241 (2015).
[10] X. Yin, M. Scha¨ferling, B. Metzger, H. Giessen. Nano
Lett. 13, 6238-6243 (2013).
[11] A. Einstein, B. Podolsky, N. Rosen. Phys. Rev. 47, 777-
780 (1935).
[12] C. Kurtsiefer, M. Oberparleiter, H. Weinfurter. Phys.
Rev. A. 64, 023802 (2001).
[13] M. Giustina, M. A. M. Versteegh, S. Wengerowsky,
J.Handsteiner, A. Hochrainer, K. Phelan, F. Steinlech-
ner, J. Kofler, J-A˚. Larsson, C. Abella´n et al. Phys. Rev.
Lett. 115, 250401 (2015).
[14] P. G. Kwiat, K. Mattle, H. Weinfurter, A. Zeilinger, A.
V. Sergienko, Y. Shih. Phys. Rev. Lett. 75, 4337-4341
(1995).
[15] D. Bouwmeester, J-W. Pan, K. Mattle, M. Eibl, H. We-
infurter, A. Zeilinger. Nature 390, 575-579 (1997).
[16] S. X. Ma, T. Herbst, T. Scheidl, D. Wang, S.
Kropatschek, W. Naylor, B. Wittmann, A. Mech, J.
Kofler, E. Anisimova et al. Nature 489, 269-273 (2012).
[17] C. K. Hong, Z. Y. Ou, L. Mandel. Phys. Rev. Lett. 59,
2044-2046 (1987).
[18] R. Ghosh, C. K. Hong, Z. Y. Ou, L. Mandel. Phys. Rev.
A. 34, 3962-3968 (1986).
[19] Z. Y. Ou, L. Mandel. Phys. Rev. Lett. 61, 50-53 (1988).
[20] J. D. Franson. Phys. Rev. Lett. 62, 2205-2208 (1989).
[21] P. G. Kwiat, A. M. Steinberg, R. Y. Chiao. Phys. Rev.
A. 47, 2472-2475 (1993).
[22] A. M. Steinberg, P. G. Kwiat, R. Y. Chiao. Phys. Rev.
Lett. 68, 2421-2424 (1992).
[23] A. M. Steinberg, P. G. Kwiat, R. Y. Chiao. Phys. Rev.
A. 45, 6659-6665 (1992).
[24] M. O. Scully, K. Dru¨hl. Phys. Rev. A. 25, 2208 (1982).
[25] M.O. Scully, B-G. Englert, H. Walther. Nature 351, 111-
116 (1991).
[26] K. Yoon-Ho, R. Yu, S. P. Kulik, Y. Shih, M. O. Scully.
Phys. Rev. Lett. 84, 1 (2000).
[27] T. B. Pittman, Y. H. Shih, D. V. Strekalov, A. V.
Sergienko. Phys. Rev. A. 52, 3429-3432 (1995).
[28] D. V. Strekalov, A. V. Sergienko, D. N. Klyshko, Y. H.
Shih. Phys. Rev. Lett. 18, 3600-3603 (1995).
[29] M. D’Angelo, A. Valencia, M. H. Rubin, Y. H. Shih.
Phys. Rev. A. 72, 013810 (2005).
[30] P. A. Morris, R. S. Aspden, J. E. C. Bell, R. W. Boyd,
M. J. Padgett. Nat. Commun. 6, 5913 (2015).
[31] J. Leach, M. J. Padgett, S. M. Barnett, S. Franke-Arnold,
J. Courtial. Phys. Rev. Lett. 88, 257901 (2002).
[32] M. P. Edgar, D. S. Tasca, F. Izdebski, R. E. Warburton,
J. Leach, M. Agnew, G. S. Buller, R. W. Boyd, M. J.
Padgett. Nat. Commun. 3, 984 (2012).
[33] F. Piacentini, A. Avella, E. Rebufello, R. Lussana, F.
Villa, A. Tosi, M. Gramegna, G. Brida, E. Cohen, L.
Vaidman, I. P. DeGiovanni, M. Genovese. Nat. Phys. 13,
1191-1194 (2017).
[34] T. Kim, M. Fiorentino, and F. N. C. Wong. Phys. Rev.
A 73, 012316 (2006).
[35] A. Fedrizzi, T. Herbst, A. Poppe, T. Jennewein, A.
Zeilinger. Optics Express 15, 15377-15386 (2007).
[36] N. Yu, F. Capasso. Nat. Mater. 13, 139-150 (2014).
[37] X. Ni, A. V. Kildishev, V. M. Shalaev. Nat. Commun. 4,
2807 (2013).
[38] N. Yu, P. Genevet, M. A. Kats, F. Aieta, J.-P. Tetienne,
F. Capasso, Z. Gaburro. Science 334, 333-337 (2011).
[39] T. Stav, A. Faerman, E. Maguid, D. Oren, V. Kleiner,
E. Hasman, Mordechai Segev, arXiv:1802.06374 (2018).
[40] K. Wang, J. G. Titchener, S. S. Kruk, L. Xu, H.-P.
Chung, M. Parry, I. Kravchenko, Y.-H. Chen, A. S. Soln-
sev, Y. S. Kivshar, D. N. Neshev, A. A. Sukhorukov.
ArXiv:1804.03494 (2018).
7SUPPLEMENTARY INFORMATION: QUANTUM METASURFACE THEORY.
In our experiment, we produce photon pairs in two states; a mixed state and a pure state. The mixed state ρˆmixed
ρˆmixed =
1
2
|HhVs〉〈HhVs|+ 1
2
|VhHs〉〈VhHs| (5)
with classical probabilities 12 for the two terms, and the pure state ρˆpure
ρˆpure =
1
2
(
|HhVs〉 − |VhHs〉
)(
〈HhVs| − 〈VhHs|
)
(6)
=
1
2
(
|HhVs〉〈HhVs| − |HhVs〉〈VhHs| − |VhHs〉〈HhVs|+ |VhHs〉〈VhHs|
)
. (7)
To herald an H-photon with a polariser at some angle φ, we perform a partial trace over the herald photon of the
density matrix with the polarisation projection operator χˆ
χˆh(φ) = |φ〉〈φ| (8)
=
(
cosφ |Vh〉+ sinφ |Hh〉
)(
cosφ 〈Vh|+ sinφ 〈Hh|
)
(9)
= cos2 φ |Vh〉 〈Vh|+ cosφ sinφ |Vh〉 〈Hh|+ cosφ sinφ |Hh〉 〈Vh|+ sin2 φ |Hh〉 〈Hh| . (10)
Heralding a photon. To see the (un-normalised) state ρˆ(s) of the signal photon given a measurement of the herald
photonwe perform a partial trace on the heralded photons with the herald polariser operator. After heralding a photon
through a polariser at some angle φ, the quantum state impinging on the metasurface becomes (for our two states,
ρˆmixed and ρˆpure)
ρˆ
(s)
mixed = Trh
{
χˆφ ⊗ 1ˆs ρˆmixed
}
=
1
2
cos2 φ |H〉〈H|+ 1
2
sin2 φ |V 〉〈V | (11)
ρˆ(s)pure = Trh
{
χˆφ ⊗ 1ˆs ρˆpure
}
=
1
2
(
sinφ |V 〉 − cosφ |H〉
)(
sinφ 〈V | − cosφ 〈H|
)
(12)
where we omitted the ‘s’ subscripts since at this level we only have signal photons.
Passage through metasurface. The passage through the metasurface oriented along the angle ξ could be modeled
with the operator
Mˆ = ϑN(ξ)χˆs(ξ) + ϑF(ξ)χˆs(ξ + 90◦) (13)
Considering only the N-part (the star part will follow along the same lines), we find that the photon intensity passing
through the metasurface is (for our two states, mixed and pure)
INmixed = ϑN(ξ)Tr
{
χˆξ ρˆ
(s)
mixed
}
=
1
2
ϑN(ξ)
[
cos2 φ sin2 ξ + sin2 φ cos2 ξ
]
(14)
INpure = ϑN(ξ)Tr
{
χˆξ ρˆ
(s)
pure
}
=
1
2
ϑN(ξ)
[
sin2 ξ cos2 φ− 2 cos ξ sin ξ cosφ sinφ+ cos2 ξ sin2 φ] (15)
Similarly, the intensity of a signal photon transmitted through a pixel in the F region of the metasurface is
IFmixed =
1
2
ϑF(ξ)
[
cos2 φ cos2 ξ + sin2 φ sin2 ξ
]
(16)
IFpure =
1
2
ϑF(ξ)
[
cos2 φ cos2 ξ + 2 cosφ sinφ cos ξ sin ξ + sin2 φ sin2 ξ
]
. (17)
8Recall that the ϑ’s are functions of position. So to define the visibility, we integrate over the position and normalise
the total area (of both the F and N) to unity. The visibility is
V =
IN − IF
IN + IF
, (18)
and using that INmixed + I
F
mixed = 1/2 and that I
N
pure + I
F
pure = 1/2 we find that the visibilities are
Vmixed =
(
2 cos2 φ− 1) (2 sin2 ξ − 1) , (19)
and
Vpure = Vmixed − sin(2φ) sin(2ξ). (20)
Placing the metasurface at 45◦, we find that the visibility of the mixed state is constant (zero), and the visibility of
the pure state is − sin(2φ).
